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Abstract 
Micromodels were developed to improve our understanding of how CO2 flooding and storage efficiency are affected by the 
wettability in supercritical CO2-water-quartz sands systems. The micromodel in a pressurized chamber allowed to visualize scCO2 
spreading and porewater displacement at high pressure and temperature conditions. CO2 flooding followed by fingering migration 
and dewatering followed by formation of residual water were observed. Measurement of areal displacement efficiency at 
equilibrium decreases as the salinity increases, whereas it increases as the pressure and temperature increases. Experimental results 
provided fundamental information on migration and distribution of injecting scCO2 under reservoir conditions and CO2 
sequestration progress. 
© 2016 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the organizing committee of the General Assembly of the European Geosciences Union 
(EGU). 
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1. Introduction 
Carbon dioxide injected in deep geological formations should be safely stored for a geological period through 
various natural mechanisms including structural trapping, residual trapping, dissolution trapping, and mineral trapping 
[1]. These trapping mechanisms are affected by various physical and chemical factors such as wettability, surface 
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tension, solubility, capillarity, mass transfer, etc. in CO2-porewater-rock systems, and have direct effects on the 
CO2/porewater displacement process and storage efficiency [2]. In order to estimate changes in surface characteristics, 
many research activities have been conducted on relationships between various geochemical factors such as 
temperature, pressure, salinity, etc. and surface tension among CO2-porewater or CO2-porewater-rock systems [3,4,5]. 
Of these, experimental studies using a micromodel with porous structures made of transparent materials have been 
applied in investigating the change in wettability according to geochemical conditions and the effects of surface 
characteristics of pore structure at pore-scale CO2 migration through direct observations and image analysis. For 
making micromodel, silicon wafers and glass plates have been commonly applied. Silicon wafer micromodels are 
fabricated by engraving designed patterns on the surface of silicon wafers using chemicals, gases, or beams and by 
fusing a glass plate on it. In addition to the engraving-type, glass plate micromodels include models with a porous 
structure made of transparent particles such as glass beads or sands between the layers of glass plates [6].  
This study aims to conduct supercritical CO2 (scCO2) injection experiments for visualization of distribution of 
injected scCO2 and residual porewater in glass-plate micromodels. The results from image analysis were applied in 
quantitatively investigating the effects of major environmental factors and scCO2 injection methods on porewater 
displacement process by scCO2 and storage efficiency. 
 
2. Materials and Methods 
2.1. Micromodel 
Micromodels in this study were fabricated by packing hand-picked, relatively transparent quartz sands with a 
diameter of 0.60 – 0.85 mm into a long octagonal space created by two glass plates (100 mmGÝ 30 mmGÝ 5 mm) and 
acryl guards glued with epoxy (Fig. 1). Due to the transparency of the materials used, the micromodel allowed visual 
observation on imbibition, displacement and drainage processes of fluids under various experimental conditions. The 
micromodel was further reinforced with epoxy mold to be capable of enduring reservoir conditions with high 
temperature and pressure. The fabrication of micromodels has been described in detail in Park et al. [7]. 
 
 
a 
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Fig. 1. Making a micromodel; (a) two glass plates and two acryl guards; (b) assembly of a micromodel with glass filter and quartz sands. 
The size of the pore structure inside the micromodel was 80 mmŐ 28 mmŐ0.12 mm and the pore volume and 
the porosity were estimated to 0.68  0.03 ml and 31 1%, respectively.  
2.2. Experimental set-up and procedure 
The micromodel experimental system was designed to observe migration and distribution of scCO2 in a porous 
micromodel saturated with porewater and is composed of three components; CO2 feeding system, confining pressure 
system, and imaging system (Fig. 2). The CO2 feeding system was designed to supply scCO2 at experimental 
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conditions into the micromodel and includes a CO2 cylinder, a high pressure pump 1 (SFT-10, Supercritical Fluid 
Technologies, Inc.), a 200 mL high pressure cell, valves, a pressure gauge (NS-300, Green Senor), and a micromodel 
connected to a 1/8'' stainless steel tube (316 L/TM) (Fig. 2a). The confining pressure system was designed to create 
high temperature and pressure conditions outside the micromodel in a high pressure chamber. The high pressure 
chamber, a 4-cm-thick-aluminum rectangular box with a sapphire window, was connected with a high pressure pump 
2 (260D Syringe Pump, Teledyne Isco), valves, a pressure gauge and was designed to sustain high pressure conditions 
(Fig. 2b). The imaging system was designed to conduct visual observation on migration and distribution of injected 
scCO2 and residual porewater and included a high-resolution microscope camera (DA-Ri1-U3, Nikon) with a 6:1 
macro video zoom lens (100-MZ6, Opto) and a PC with image processing software (NIS-Elements D, Nikon) (Fig. 
2c). 
 
 
Fig. 2. Experimental setup showing the streamline injection facilities; (a) CO2 feeding system; (b) confining pressure system; (c) imaging system. 
In a high pressure chamber with a sapphire window (diameter = 5 cm), the micromodel was placed horizontally 
under the sapphire window in order to allow direct observation from outside the chamber. Prior to the experiments, 
the micromodel was fully saturated with porewater (deionized water or NaCl solution). Through a high pressure cell 
installed for stabilizing pressure and temperature of the injected fluids and an injection pipe, scCO2 was injected into 
the micromodel using Pump 1. The outlet pipe of the micromodel was connected to a back-pressure regulator. The 
overburden pressure in the high pressure chamber was controlled with deionized water pressurized using Pump 2. For 
each experimental parameter such as pressure, temperature, flow rate, NaCl concentration, and injection type, etc., the 
scCO2 was injected and displaced porewater in the pore structure in the micromodels and the migration and 
displacement processes were monitored using a microscope with a CCD camera. The observation was continued until 
the displacement process stabilized and all experiments for each experimental condition were performed three times 
using the same micromodel. 
2.3. Image analysis 
During the scCO2 injection experiments under various experimental conditions, the displacement process of 
porewater, which is a wetting fluid, by scCO2, which is a nonwetting fluid, was visually observed. The images were 
captured with a time interval of 0.1 seconds through an image analysis software (NIS-Element D) and stored in TIFF 
format. In the captured image, the pore space displaced by scCO2 appeared relatively darker compared to that saturated 
with porewater, but the boundary between scCO2 and porewater was not distinguishable (Fig. 3a). In order to make a 
clear distinction between the pore space with innate porewater and the pore space with filled by scCO2,  binary images 
were created by eliminating imaginal characteristics in original images prior to scCO2 injection from images captured 
during the injection experiments. First, an observation area with a size of 2.8 cm Ő 3.0 cm in the captured images was 
selected and segmentation (640 pixel Ő 512 pixel) was conducted in MATLAB. According to its brightness, each 
pixel was digitized from 0 (darkest) to 255 (brightest). To quantitatively evaluate the scCO2 saturation in the pore 
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network, the digitized brightness data from the captured images of the observation area during the experiments were 
compared to those from the original image with full saturation of porewater. With a threshold discrepancy of 10 in 
brightness, an actual image was dualized into a black and white image; black areas indicate pores saturated with water 
in which discrepancy in brightness is less than 10, while white areas indicate pores filled by scCO2 in which 
discrepancy in brightness is less than 10 (Fig. 3b). From the pixel counting, finally, the area displaced by scCO2 was 
determined. 
 
 a b  
Fig. 3. Selected (a) actual and (b) binary images after the scCO2 injection in the micromodel. In the binary images (b), black areas indicate pores 
saturated with water while white areas indicate pores filled by scCO2. 
 
The areal displacement efficiency at any time t during the displacement process was defined using a concept of 
relative saturation (Sr,scCO2) as follows; 
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where ( )tθ  and sθ  are the numbers of pixels representing the area displaced with scCO2 at time t and when the 
displacement process is completed, respectively. 
 
3. Results and Discussion 
Using the quartz sands micromodel, a series of scCO2 injection experiments were conducted under various 
experimental conditions. The reference conditions for the experiments were a pressure of 8.96 MPa, temperature of 
40C, flow rate of 0.1 ml/min, and deionized water as porewater. Prior to the injection of scCO2, the micromodel was 
fully saturated with porewater. scCO2 injection was carried out at a pre-set constant flow rate. Each experiment was 
continued until a quasi-steady state was reached (i.e., the distribution patterns of scCO2 did not change over time)  
Fig. 4 is a set of binary images representing evolution of a scCO2 plume over the observation area for 120 seconds 
and shows a clear trend for the progress of the displacement front from the inlet (left) towards the outlet (right) of the 
micromodel. Due to the heterogeneity of the pore structure made of quartz sands, a preferential displacement pattern 
through the relatively permeable regions is notably observed. If preferential flow paths are formed and surround some 
part of pore network, a pool of non-displaceable porewater can be created and a localized quasi-steady state is reached. 
At a relatively long time scale, molecular diffusive mass transfer including dissolution and dry-out may affect the 
distribution patterns between scCO2 and porewater. 
Effects of environmental conditions such as pressure, temperature, and salinity (NaCl concentration), and operating 
conditions such as flow rate and injection methods on storage efficiency in the micromodels were represented and 
examined. Results from binary image analysis were compared in terms of areal displacement efficiency. It should be 
noticed that experimental results with occurrence of significant fingering and preferential flow were eliminated in 
further investigations. 
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Fig. 4. Selected binary images representing the evolution of a scCO2 plume at 8.27 MPa and 40C. scCO2 (white) imbibes from the left and is 
displacing porewater. 
Fig. 5 shows that the areal displacement efficiency at quasi-steady state decreases as the NaCl concentration 
increases (Fig. 5c), whereas it increases as the pressure and temperature increase (Fig. 5a,b). Changes in overburden 
pressure and salinity can affect CO2 solubility in water. As overburden pressure increases or salinity decreases, more 
CO2 can be dissolved in water and create more acidic environments. In water with a pH below 3, the hydrophilicity 
of the silica surfaces of quartz sands decreases [8], and the displacement of wetting porewater by non-wetting scCO2 
can be facilitated. The increase in areal displacement efficiency corresponding to temperature increase results from 
the change in CO2 viscosity. As temperature increases from 20C to 40C, CO2 viscosity at 8.96 MPa decreases from 
0.0683 mPaŘV to 0.0238 mPaŘV [9] and the spreadability of the less viscous scCO2 subsequently increases. The increase 
in flow rate can augment the effect of the viscous force of scCO2, create more preferential flow paths, and decrease 
the areal displacement efficiency. It implies that the increase in flow rate can cause an improvement in CO2 injectivity 
and the deterioration in storage efficiency at the same time. In order to sequestrate CO2 in an effective way, an 
optimized injection rate of CO2 should be carefully determined. 
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Fig. 5. Variation in the areal displacement efficiency with various environmental factors; (a) pressure; (b) temperature; (c) flow rate; (d) NaCl 
concentration; (experimental conditions: pressure 8.96 MPa, temperature 40C, flow rate = 0.1 ml/min, deionized water) 
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Results shown in Fig. 6 show that two different injection methods – continuous injection and discontinuous pulse-
type injection – can affect temporal changes in areal displacement efficiency and the final storage efficiency. Under 
the same pressure and temperature conditions, the areal displacement efficiency in the continuous injection 
experiments with a flow rate of 0.1 ml/min linearly increased for initial 70 – 160 seconds and reached a quasi-steady 
state with 64.3 – 90.0% (average 74.5%), while that in the pulse-type injection experiments with an injection volume 
of 0.03 ml/pulse consistently increased as injection volume increased and reached almost full saturation after 15 pulses 
in all three experiments. The comparison of two injection methods in terms of injection volume revealed that the 
pulse-type injection could achieve relatively higher areal displacement efficiency. The binary images from those two 
types of injection experiments (not shown) display a clear difference in flow patterns. Compared to the continuous 
injection of scCO2, the pulse-type injection reduced the probability for occurrence of fingering, subsequently that of 
preferential flow paths. Established flow paths in continuous injection experiments limited transverse spreading of 
incoming scCO2 and resulted in a lower CO2 saturation and storage efficiency. 
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Fig. 6. Variation in the areal displacement efficiency of scCO2 with injection methods of scCO2 at 8.96 MPa and 40C; (a) continuous injection 
(flow rate = 0.1 ml/min); (b) pulse-type injection (injection volume = 0.03 ml/pulse). 
 
4. Conclusions 
A micromodel was applied to estimate the effects of geological conditions and injection methods on the 
displacement of resident porewater by injected scCO2 at the pore scale. CO2 flooding followed by porewater 
displacement, fingering migration, preferential flow and by-passing were observed during the scCO2 injection 
experiments. Effects of pressure, temperature, salinity, flow rate, and injection methods on storage efficiency in the 
micromodels were represented and examined in terms of the areal displacement efficiency. The measurements 
revealed that the areal displacement efficiency at equilibrium decreases as salinity increases, whereas it increases as 
the pressure and temperature increase. This may result from overburden pressure and porewater salinity affecting the 
CO2 solubility in water and the hydrophilicity of the silica surfaces of quartz sands, while the neighbouring 
temperature has a significant effect on viscosity of scCO2. Increased flow rates could create more preferential flow 
paths and decrease the areal displacement efficiency. Compared to the continuous injection of scCO2, the pulse-type 
injection reduced the probability for the occurrence of fingering, resulting preferential flow paths, and observed higher 
areal displacement efficiency. A more detailed explanation requires further studies based on closer experimental 
observations. 
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